Abstract. Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are the clinical manifestations of severe lung damage and respiratory failure. ALI and ARDS result are associated with high mortality in patients. At present, no effective treatments for ALI and ARDS exist. It is established that vitamin D exhibits anti-inflammatory effects, however, the specific effect of vitamin D on ALI remains largely unknown. The aim of the present study was to investigate whether, and by which mechanism, vitamin D alleviates lipopolysaccharide (LPS)-induced ALI. The results demonstrated that a vitamin D agonist, calcitriol, exhibited a beneficial effect on LPS-induced ALI in rats; calcitriol pretreatment significantly improved LPS-induced lung permeability, as determined using Evans blue dye. Results from reverse transcription-quantitative polymerase chain reaction, western blotting and ELISA analysis demonstrated that calcitriol also modulated the expression of members of the renin-angiotensin system (RAS), including angiotensin (Ang) I-converting enzymes (ACE and ACE2), renin and Ang II, which indicates that calcitriol may exert protective effects on LPS-induced lung injury, at least partially, by regulating the balance between the expression of members of the RAS. The results of the present study may provide novel targets for the future treatment of ALI.
Introduction
Acute lung injury (ALI) and the more severe form, acute respiratory distress syndrome (ARDS), are the primary cause of mortality and morbidity in intensive care (1, 2) . ALI and ARDS are associated with similar characteristics, including increased alveolar epithelial and pulmonary microvascular endothelial permeability, pulmonary edema and fibrosis (3) . However, the pathogenesis of these diseases has not been fully elucidated, and no specific and effective pharmacological intervention for ALI/ARDS is currently available (4) . Lipopolysaccharide (LPS), a glycoprotein that is present on the outer membrane of gram-negative bacilli, is a potent proinflammatory molecule that leads to strong inflammatory responses. LPS triggers ALI/ARDS by directly or indirectly damaging pulmonary microvascular endothelial cells (PMVECS), resulting in increased alveolar capillary membrane permeability and subsequent pulmonary edema, refractory hypoxemia and pulmonary hypertension (5) .
Vitamin D3, also termed cholecalciferol, is primarily produced in the skin following sunlight exposure. It is subsequently hydroxylated in the liver to produce 25-hydroxyvitamin D3 [25(OH)D3], and again in the kidney to generate 1,25-dihydroxyvitamin D3 [1,25(OH)2D3] (6). 1,25-(OH)2D3 generation is an indicator of local paracrine/autocrine action in various tissues, such as pulmonary epithelial cells (7) . Together, 1,25(OH)2D3 and interleukin-2 inhibit the production of inflammatory cytokines by T cells, and stimulate the development of Treg cells (8) , which have been reported to exhibit important functions in the treatment of experimental ALI (9) . In addition, the vitamin D receptor (VDR), which mediates the activities of 1,25(OH)2D3, protects against sepsis-induced lung injury by inhibiting the angiopoietin-2-TEK receptor tyrosine kinase-myosin light-chain kinase pathway (10) . These results indicate a potentially beneficial effect of vitamin D on ALI. However, the specific direct effect of vitamin D on LPS-induced ALI/ARDS and the underlying mechanism are yet to be fully investigated.
The renin-angiotensin (Ang) system (RAS), which includes Ang I-converting enzyme (ACE) and ACE2, is a (12) . Therefore, the balance between ACE and ACE2 levels affect the endogenous ratio of Ang II: Ang-(1-7). ACE2 is closely associated with ARDS. An animal model of ARDS, ACE2 knockout mice were reported to exhibit severe lung disease, which was determined by increases in vascular permeability and lung edema when compared with wild-type mice (13) . In addition, recombinant ACE2 was previously reported to improve pulmonary blood flow and oxygenation in LPS-induced lung injury in piglets (14) . Furthermore, overexpression of ACE2 attenuated LPS-induced ARDS via the Ang-(1-7)/Mas pathway by inhibiting extracellular signal-regulated kinase/nuclear factor-κB (NF-κB) activation (15) . Therefore, ACE2 may protect against ALI. Vitamin D negatively regulatory blood pressure by inhibiting the expression of RAS (16), 1α-hydroxylase-deficient mice exhibit increased activity of the intrarenal RAS that is downregulated with the administration of 1,25(OH)2D (17) , chronic vitamin D deficiency may induce RAS activation lung fibrosis through activation of the RAS (18); therefore, increasing evidence indicates that 1,25(OH)2D3 may also be a negative endocrine regulator of the RAS. However, whether vitamin D may affect ALI by regulation of the RAS remains to be investigated. The aim of the present study was to investigate the effect of a vitamin D agonist, calcitriol, on LPS-induced ALI in vivo and in vitro, and to assess the effect of vitamin D treatment on RAS activity. The results indicated that calcitriol exhibits a protective role against ALI, and calcitriol may exhibit this function, at least partially, by regulating the RAS.
Materials and methods

Animals and treatment.
The ethics committee of Anhui Medical University of Animal Welfare approved these experiments. Wistar rats (30 healthy males; weight, 200±20 g; 3-4 months old; food and water available ad libitum) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China) and bred in a modified specific pathogen free facility (temperature 22±2˚C; humidity 55±2%) with a 12 h light/dark cycle). To induce lung injury, 3-4-month-old rats (male; weight, 200±20 g; 6 groups of 5 rats per group) were injected by caudal vein with one dose (5 mg/kg) of LPS (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). No treatment control (NT) rats were treated with physiological saline. After 24 h, bronchoalveolar lavage (BAL) fluid was collected and the lung was harvested to assess injury. In certain groups, rats received supplementation of 1, 5 or 25 mg/kg calcitriol (1086301; Sigma-Aldrich; Merck KGaA) by means of an intragastric injection 3 days prior to being challenged with LPS, while the control rats were administered physiological saline.
Assessment of extravasation of Evans blue. Pulmonary barrier permeability was assessed by using Evans blue dye. Evans blue dye (20 mg/kg) was injected via the caudal vein into rats 30 min prior to anesthesia, and was extracted from the lung lobes by incubation at room temperature for 24 h in formamide (3 ml/100 mg). The density of the supernatant was assessed spectrophotometrically at 620 nm. The total amount of Evans blue was determined against standard absorbance curves.
Total bronchoalveolar lavage fluid cell count. Suture clamps were placed on the right main bronchus resulting in the alveolus lavage being forced into the left lung. A tracheal injection of 3 ml physiological saline was injected and the lavage fluid was recovered; this was repeated three times. The lavage fluid was centrifuged for 10 min at 100 x g in 4˚C to form a precipitant. The supernatant was removed and the precipitant was diluted to 1 ml by PBS containing 1% bovine serum albumin (Cat. #5003; TBD Science, Tianjin, China) and 0.1 µl transferred to a blood cell count plate. The number of cells were then counted under light microscopy at x100 magnification.
PMVEC isolation and maintenance. Isolation of microvascular endothelial cells was performed according to methodology described in our previous study (19) . Briefly, the fresh lungs, isolated from the sacrificed rats, were washed with 50 ml serum-free DMEM (FI101-01; Beijing Transgen Biotech Co., Ltd., Beijing, China). The pleura was carefully excised and discarded. The outer edges of the remaining lung tissue, which did not contain large blood vessels, were harvested and again rinsed in serum-free DMEM. This tissue was decreased further, using scissors, and was inserted into a glass pellet (Costar, Cambridge, MA) and washed in DMEM containing 20% fetal calf serum (SH40007-10; GE Healthcare Life Sciences. Logan, UT, USA), 100 U/ml penicillin/streptomycin and 2.5 g/ml amphotericin B. Tissue cultures were incubated at 37˚C in saturated air containing 5% CO 2 . After 60 h, the tissue was removed and thereafter, the culture medium was replaced every 3 days. Following reaching confluence, the cells were harvested by treating with a 0.25% trypsin. Cells were identified as endothelial cells by cobblestone morphology. A total of 2-3 drops of cell suspension were added to a coverslip and were allowed time to adhere. Coverslips were then washed with PBS 3 times prior to being air dried and fixed in cold acetone for 5-10 min. Coverslips were dried again and 0.5 ml fluorescein isothiocyanate labeled phytohemagglutinin (FITC-PHA; 25 mg/l; Sigma-Aldrich; Merck KGaA) was added and incubated for 30 min at 37˚C. Finally, coverslips were observed by fluorescence microscopy at x400 magnification. The cells used for experiments were between passages 2 and 5.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA was extracted from rat lung tissue and cultured rat PMVECs using TRIzol reagent (Sigma-Aldrich; Merck KGaA). cDNA was synthesized from 2 µg total RNA using a PrimeScript RT reagent kit with gDNA Eraser (Takara Bio, Inc., Otsu, Japan), according to the manufacturer's protocol. qPCR was performed using the SYBR Premix DimerEraser kit (Takara Bio, Inc.) in an ABI 7300 Real-Time PCR machine (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Reactions were performed under the following thermocycling conditions: 95˚C for 60 sec, followed by 40 cycles at 95˚C for 15 sec, 61˚C for 15 sec and 72˚C for 45 sec. The relative expression level was determined by the 2 -ΔCq method and normalized against GAPDH (20) . The primers used are as follows: GAPDH, 5'-GTG CTG AGT ATG TCG TGG AG-3' (forward) and 5'-CGG AGA TGA TGA CCC TTTT-3' (reverse); ACE, 5'-CGG TTT TCA TGA GGC TAT TGGA-3' (forward) and 5'-TCG TAG CCA CTG CCC TCA CT-3' (reverse); ACE2, 5'-ACC CTT CTT ACA TCA GCC CTA CTG-3' (forward) and 5'-TGT CCA AAA CCT ACC CCA CAT AT-3' (reverse); AT1R, 5'-GAA GCC AGA GGA CCA TTT GG-3' (forward) and 5'-CAC TGA GTG CTT TCT CTG CTT CA-3' (reverse); renin, 5'-TTA CGT TGT GAA CTG TAG CCA-3' (forward) and 5'-AGT ATG CAC AGG TCA TCG TTC-3' (reverse); and Ang II, 5-GTG GAG GTC CTC GTC TTC CA-3' (forward) and 5'-GTT GTA GGA TCC CCG AAT TTC C-3' (reverse); AT2R, 5-GCC AAC ATT TTA TTT CCG AGATG-3' (forward) and 5'-TTC TCA GGT GGG AAA GCC ATA-3' (reverse).
Renin activity and angiotensin II assays. Renin activity and angiotensin II concentration in the bronchoalveolar lavage fluid or culture medium of rat PMVECs were determined using a Rat Renin ELISA kit (cat. no. CSB-E08702r; Flarebio Biotech LLC, College Park, MD, USA) or a Rat Ang II ELISA kit (cat. no. CSB-E04494r; Flarebio Biotech LLC), according to manufacturer's protocol.
Western blot analysis. Rat lung tissue or cultured rat PMVECs were lysed in ice-cold radioimmunoprecipitation assay cell lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) supplemented with 1 mM phenylmethylsulfonyl fluoride (Beijing Transgen Biotech Co., Ltd.). Protein concentration of samples were estimated by BCA. The proteins (20 µg/lane) were separated with a SDS-PAGE (4-12% gel; Bio-Rad Laboratories, Inc., Hercules, CA, USA) and electrotransferred onto a polyvinylidene fluoride membrane. The membrane was put in glass bottle containing 20 ml sealing liquid (1 g skimmed milk powder, 20 ml PBS-Tween 20) and then was placed on the horizontal shaker and left to agitate at 25˚C for 2 h. Probing was performed with specific primary antibodies (4˚C overnight) and horseradish peroxidase-conjugated secondary antibodies (25˚C for 2 h). The primary antibodies used were ACE (1:1,000; ab11734), ACE2 (1:500; ab108252), AT1R (1:500; ab124734) and AT2R (1:100; ab92445) from Abcam (Cambridge, UK) and GAPDH (1:1,000; HC301) from Beijing Transgen Biotech Co., Ltd. The secondary antibodies were horseradish peroxidase-conjugated affinity-purified goat anti-rabbit IgG (1:3,000; HS101-01) from Beijing Transgen Biotech Co., Ltd. Signals were detected using SuperSignal West Femto Trial kit (Thermo Fisher Scientific, Inc.; 34094; Lot#QE218149). The relative amount of proteins was quantified using gel analysis software UNSCAN-IT gel (version 5.3; Silk Scientific, Orem, UT, USA) and normalized to GAPDH internal loading control.
Statistical analysis. Data are presented as the mean ± standard deviation from at least three independent experiments. Statistical comparisons were performed by one-way analysis of variance followed by Tukey's test for multiple comparisons using SPSS (version 10.01; SPSS, Inc., Chicago, IL, USA).
P<0.05 was considered to indicate a statistically significant difference.
Results
Calcitriol impairs the effect of LPS on the expression of ACE
and ACE2 in rat PMVECs. As previously described in our previous study (19) , PMVECs were isolated from the outer periphery of the rat lung tissue and grew in monolayers with morphology consistent with endothelial cells, examined by phase-contrast microscopy. The cells grew initially as capillary-like structures and assumed cobblestone morphology, typical of endothelial cells at confluence. These cells were characterized as endothelial cells by factor VIII-associated Ag expression, and combined with FITC-PHA to demonstrate yellow green fluorescence. (Fig. 1A) . To investigate the effects of calcitriol and LPS on the expression of ACE and ACE2 in PMVECs, rat PMVECs were incubated with 100 µg/ml LPS in the presence or absence of different concentrations of calcitriol (5, 20 or 100 nM). As demonstrated in Fig. 1B Fig. 1B ). ACE and ACE2 have opposing functions in ALI; ACE2 counterbalances the deleterious effects of ACE and prevents lung injury (21, 22) . Therefore, the results demonstrated that LPS successfully induced ALI in the present study.
To determine whether calcitriol has an effect on LPS-induced ALI, concentrations of 5, 20 and 100 nM calcitriol were used in LPS-treated PMVECs. The results indicate that calcitriol-only treatment exhibited no obvious effect on ACE and ACE2 mRNA expression levels, compared with NT cells (Fig. 1B) . However, the highest concentration of calcitriol (100 nM) significantly reduced the effects of LPS on ACE and ACE2 levels (Fig. 1B) , which indicates an important calcitriol-dependent pathway in attenuating ALI caused by LPS.
As AT1R is a downstream effector of ACE, the effects of LPS and calcitriol on AT1R expression were subsequently investigated. As demonstrated in Fig. 1C , consistent with results for the ACE expression pattern, LPS significantly upregulated AT1R mRNA expression compared with NT cells, while calcitriol reduced the effect of LPS on AT1R mRNA levels in a dose-dependent manner. The mRNA expression of Ang II type 2 receptor (AT2R), employed as a control (21, 22) , was not significantly altered (Fig. 1C) . Furthermore, alterations in the expression levels of ACE, ACE2, AT1R and AT2R at the protein level were confirmed by western blot analysis ( Fig. 1D  and E) . Therefore, these results indicate that calcitriol may prevent LPS-induced ALI in rat PMVECs.
Calcitriol suppresses renin and Ang II expression in LPS-treated rat PMVECs.
Increased renin activity stimulates the conversion of Ang I and ultimately Ang II (23) , and Ang II is a key factor in the ACE/AT1R axis. Therefore, the expression of renin and Ang II in LPS-treated rat PMVECs was also investigated in the current study. As presented in Fig. 2A , LPS addition significantly increased renin and Ang II expression compared with NT cells. Although calcitriol-only treatment exhibited no effect on their expression compared with NT cells, calcitriol inhibited renin and Ang II expression in LPS-treated PMVECs in a concentration-dependent manner ( Fig. 2A) . ELISA was also performed to determine renin and Ang II concentrations in the culture medium, and the results were similar to RT-qPCR results (Fig. 2B) . These results indicate that LPS supplement may trigger the ACE/Ang II/AT1R axis, while calcitriol exhibits an opposing function.
Calcitriol inhibits the effect of LPS on the expression of ACE and ACE2 in rat lung tissue.
To determine whether calcitriol may prevent LPS-induced ALI in vivo, LPS was used to induce ALI in rats, as previously reported (15) , and the total number of rat bronchoalveolar lavage cells were counted. Compared with the NT group, a significant increase was observed in the LPS group (Fig. 3A) . However, high concentrations of calcitriol (5 and 25 mg/kg) reduced the number of bronchoalveolar lavage cells compared with the LPS-only group (Fig. 3A) . To assess the severity of the lung vascular leakage, a leak index was calculated using Evans blue dye. Compared with the NT group, the Evans blue leakage significantly increased in the LPS group, and was reduced in calcitriol groups in a dose-dependent manner compared with the LPS-only group (Fig. 3B) . These results indicate that calcitriol reduces rat lung permeability damage induced by LPS.
The mRNA expression levels of ACE and ACE2 in NT, LPS and LPS + calcitriol-treated lung tissues were also determined, and the results demonstrated that LPS increased ACE expression and decreased ACE2 levels compared with the NT group. Calcitriol treatment inhibited the effects of LPS on ACE and ACE2 mRNA expression (Fig. 3C) . Furthermore, mRNA expression of the downstream factor AT1R was also induced by LPS in rat lung tissue, which was suppressed when combined with calcitriol treatment (Fig. 3D) . Western blot results confirmed alterations in expression levels at the protein level ( Fig. 3E and F) . These results indicate that calcitriol may attenuate LPS-induced ALI in vivo.
Calcitriol suppresses renin and Ang II expression in LPS-treated rat lung tissue. As previously stated, renin and Ang II are two key members of the RAS (23) . Therefore, the mRNA expression of renin and Ang II in rat lung tissues was also determined. LPS treatment induced pulmonary renin and Ang II mRNA expression in rat lung tissues significantly compared with the NT group (Fig. 4A) . However, this induction was suppressed when combined with calcitriol treatment (Fig. 4A) . ELISA was also performed to confirm renin and Ang II concentrations in the bronchoalveolar lavage fluid (Fig. 4B) , and the results were similar to RT-qPCR results (Fig. 4A) . Together, these results indicate that calcitriol may inhibit LPS-induced renin and Ang II expression in vivo.
Discussion
ALI is a feature of LPS-induced sepsis, therefore, the present study employed a LPS-induced sepsis model to investigate the function of vitamin D in ALI. The results demonstrated that LPS stimulation led to lung cell death and increased vascular permeability, which may partially occur by inducing the expression of renin, ACE, Ang II and AT1R, and inhibiting ACE2 expression. However, in vivo and in vitro results indicated that a vitamin D agonist, calcitriol, significantly alleviated LPS-induced ALI to protect lungs.
ALI/ARDS is a major cause of morbidity and mortality in seriously ill patients, and is characterized by endothelial disruption and increased barrier permeability (24) . Several previous studies have reported that the vitamin D-mediated pathway has a potential function in protecting against ALI. The VDR is highly expressed in the lung, and by comparing the phenotype of lungs from LPS-treated wild-type and VDR knockout mice, Kong et al (10) reported that VDR-knockout mice exhibited ALI with increased severity and higher mortality compared with wild-type mice following LPS treatment. In addition, Shi et al (25) also demonstrated that VDR-knockout mice experienced higher severity ALI induced by LPS, which may primarily occur due to degeneration of the alveolar epithelial tight junctions via reduced occludin and zonula occludens-1 expression. However, a vitamin D analog, paricalcitol, alleviated LPS-induced ALI and preserved alveolar barrier function.
Furthermore, calcitriol pretreatment was reported to reduce seawater aspiration-induced ALI by inhibiting inflammatory responses and reducing lung epithelial-endothelial barrier permeability. The mechanism of these effects may be via inhibition of NF-κB and the ras homolog family member A/Rho kinase signaling pathways (26) . The results of the present study supported these previous studies by demonstrating that vitamin D is capable of alleviating LPS-induced lung injury to maintain the integrity of the lung.
Additionally, the present study revealed that vitamin D may attenuate LPS-induced ALI by modulating the RAS cascade. Previous studies have reported that 1,25(OH)2D3, the hormonal form of vitamin D, is a negative endocrine regulator of the RAS and inhibits renin biosynthesis (16, 27) . Inhibition of the (pro)renin receptor reduced interstitial edema, hemorrhage, neutrophil count and the amount of non-proteolytically-activated prorenin in the lung tissues of rats (28) . In addition, dysregulation of local and circulating RAS, with enhanced ACE/Ang II expression levels and reduced ACE2/Ang-(1-7) expression, was reported to contribute to ischemia-reperfusion-induced ALI in mice (29) . Furthermore, systemic infusion of Ang II promoted ALI (30, 31) . However, ACE2 negatively regulated the RAS by converting Ang II to Ang-(1-7) (32), and preventing the downregulation of ACE2 protected mice against LPS-induced ALI (33) . Similarly, Ang-(1-7) was also reported to decrease the severity of ALI and inflammation induced by a combination of acid aspiration and high-stretch ventilation (34) . The results of the present study demonstrated that vitamin D inhibited renin, ACE and Ang II expression, and induced ACE2 levels in LPS-induced ALI. Therefore, vitamin D may attenuate LPS-Induced ALI by, at least partially, inducing ACE2/Ang-(1-7) axis activity and inhibiting renin and the ACE/Ang II/AT1R cascade.
In conclusion, the results of the current study, in conjunction with previous findings, provide evidence for a protective function of vitamin D in ALI and also provide insight into the potential underlying molecular mechanism. These results indicate that further research regarding vitamin D as a potential therapy for ALI is required.
